CDC73/Parafibromin is a critical component of the Paf1 complex (PAF1C), which is involved in transcriptional elongation and histone modifications. Mutations of the human CDC73/HRPT2 gene are associated with hyperparathyroidism-jaw tumor (HPT-JT) syndrome, an autosomal dominant disorder. CDC73/parafibromin was initially recognized as a tumor suppressor by inhibiting cell proliferation via repression of cyclin D1 and c-myc genes. In recent years, it has also shown oncogenic features by activating the canonical Wnt/β-catenin signal pathway. Here, through limited proteolysis analysis, we demonstrate that the evolutionarily conserved human CDC73 N-terminal 111 residues form a globularly folded domain (hCDC73-NTD). We have determined a crystal structure of hCDC73-NTD at 1.02 Å resolution, which reveals a novel protein fold. CDC73-NTD contains an extended hydrophobic groove on its surface that may be important for its function. Most pathogenic CDC73 missense mutations associated with the HPT-JT syndrome are located in the region encoding CDC73-NTD. Our crystal and biochemical data indicate that most CDC73 missense mutations disrupt the folding of the hydrophobic core of hCDC73-NTD, while others such as the K34Q mutant reduce its thermostability. Overall, our results provide a solid structural basis for understanding the structure and function of CDC73 and its association with the HPT-JT syndrome and other diseases.
Notch pathway and plays important roles during embryogenesis and organogenesis 22, 23 . Both tumor-suppressing and oncogenic effects of CDC73 rely on the N-terminal portion of hCDC73 18, 20 .
The C-terminus of hCDC73 (residues 357-531) bears a conserved Ras-like domain homologous to yeast CDC73, which promotes the interaction between the PAF1 complex and chromatin 24 . Crystal structures of the C-terminal domain of yeast CDC73 have been reported 24, 25 , but there is no 3D structural information of the hCDC73 N-terminal region to date. In addition to the β-catenin interaction domain (CID, residues 218-263), the hCDC73 N-terminal region also contains a functional nuclear localization signal (residues 125-139) 26 , as well as three proposed nucleolar localization signals 27, 28 . Most of the documented CDC73 mutations are nonsense truncation mutations which result in physiologically inactive proteins 3 ( Supplementary Table S1 ). Although a number of missense variants of hCDC73 have been found in HPT-JT and other diseases, only a few of them, including K34Q, I60N, L64P and R91P, have been shown to be pathogenic ( Supplementary Table S1 ). Strikingly, all of them are located in the N-terminal region of CDC73, underlying the functional importance of this region 17, 29, 30 . For example, I60N shows decreased protein stability and a loss of its ability to down-regulate c-myc expression, and is associated with ossifying fibroma 30 . The L64P mutation found in HPT-JT patients was found to be able to retain nuclear expression and form PAF1C, but showed reduced interaction with the Set1 histone methyltransferase complex and decreased its HMTase activity 17, 31 .
To understand how the CDC73 N-terminal domain contributes to CDC73 functions and how CDC73 pathogenic mutations may lead to HPT-JT and other diseases, we have characterized the structural features of the CDC73 N-terminal regions and revealed a previously unidentified N-terminal globular domain. Furthermore, we have determined a crystal structure of CDC73-NTD at ultrahigh 1.02 Å resolutions and characterized CDC73 pathogenic missense mutants using biochemical assays. Our study provides novel insights into CDC73 function and molecular mechanisms of HPT-JT mutants.
Results

N-terminal half of hCDC73 contains a conserved and protease-resistant domain. To understand
how parafibromin is involved in β-catenin-mediated Wnt signal activation, we tested the overexpression and purification of numerous hCDC73 fragments. We found that human CDC73(1-343), which contains β-catenin interaction domain of CDC73 (CID) and the nuclear localization signal (NLS, Fig. 1a ), can be purified in decent quantities. However, during purification, hCDC73(1-343) was susceptible to degradation and robustly led to a stable ~12kD fragment. Thus we performed limited proteolysis of hCDC73(1-343) with trypsin and consistently observed one stable fragment ( Fig. 1b ). LC-MS/MS analysis revealed that this protease-resistant fragment contains at least the first N-terminal 100 residues and likely the first 111 residues of hCDC73. We thus named this protease-resistant region as hCDC73-NTD. Based on sequence conservation and the size of trypsin-resistant fragment, we generated new plasmids and purified both hCDC73(1-100) and hCDC73 . SEC and analytical ultracentrifugation (AUC) analysis clearly show that both fragments are monomeric in solution ( Fig. 1c ).
Crystal structures of human CDC73-NTD. Since hCDC73-NTD is evolutionarily conserved and harbors most of the documented pathogenic CDC73 missense mutations, we determined crystal structures of hCDC73-NTD. First, we determined the crystal structure of CDC73(1-100) using the SAD method (with a soaked platinum derivative) at 1.4 Å resolution, and then the crystal structure of CDC73(1-111) at 1.02 Å resolution (Table 1 ; Fig. 2a,b ). There are one and two molecules in each asymmetric unit for CDC73(1-111) and CDC73(1-100) crystals, respectively. The model corresponds well to the electron density map ( Supplementary  Fig. S1 ). The overall structure of CDC73(1-111) is almost identical with CDC73(1-100), with a r.m.s.d. of Cα positions being 0.894 Å. Both CDC73(1-100) and CDC73(1-111) fold into a globular domain. The extra 11 residues of CDC73(1-111) pack tightly on surface of the CDC73(1-100) core structure ( Fig. 2c ). Analysis using the DALI server shows that CDC73(1-100) has a novel fold ( Supplementary Table S2 ). This domain structure is composed of four α helices and one anti-parallel β-sheet consisting of three β-strands ( Fig. 2b ).
Analysis of pathogenic mutations in human CDC73-NTD. Most pathogenic mutations of human
CDC73 are nonsense or frame-shift mutations ( Supplementary Table S1 ). However, at least four missense mutations have been characterized ( Fig. 3a ). They are K34Q, I60N, L64P, R91P 6,29-31 . Mutations L64P and R91P, occurring at residues located in the helices H2 and H4, respectively, are helix-disruptive and may thus destroy the CDC73-NTD folding (Fig. 3b ). Ile60 forms part of the hydrophobic core of CDC73-NTD. The I60N mutation would cause steric clashes in the CDC73-NTD hydrophobic core and thus disrupt its structure (Fig. 3b ). To examine the biochemical properties of these mutants, we tested overexpression and purification of several human CDC73(1-111) missense mutants in E. coli, including K34Q, I60N, L64Pand R91P. Almost all of them, including I60N, L64P, and R91P, are essentially insoluble in E. coli, consistent with our structure-based prediction that these missense mutations disrupt the structure of CDC73-NTD. Characterization of the K34Q mutant and the role of the hCDC73(1-111) tail. Among CDC73 missense mutants we tested, K34Q was the only one which we could produce its soluble form in decent amount for further characterization. To test whether the K34Q mutation changed the secondary structure of CDC73-NTD, the CD spectra of wild-type (WT) and K34Q mutant forms of CDC73(1-111) were measured. Not surprisingly, the overall secondary structure compositions are essentially identical (Fig. 4a ). In contrast, the del(5-10) mutant of hCDC73(1-111), with deletion of residues 5-10 in helix 1 (H1), could be purified with a very low yield and demonstrated a CD spectrum of a largely unfolded protein (Fig. 4a,d) . To examine whether the K34Q mutation changes its thermostability, we measured the melting temperature of WT and K34Q using a Thermofluor assay. Apparently, the K34Q mutant (T m = 46 °C) is thermodynamically less stable than the WT human CDC73(1-111) (T m = 56 °C) ( Fig. 4b) . In our crystal structure, the Lys34 sidechain can adopt two conformations, both forming salt bridges with adjacent Asp23 and Asp58. The K34Q mutant may thus destabilize the CDC73-NTD structure by disrupting these salt bridges (Fig. 4c ). This C-terminal 11 residues of CDC73(1-111) interact extensively with the CDC73(1-100) core, which may stabilize the overall structure (Fig. 4e ). Indeed, our Thermofluor assay showed that hCDC73(1-100) and hCDC73(1-111) have T m values of 46 °C and 56 °C, respectively (Fig. 4b) .
A hydrophobic groove on the CDC73-NTD surface and the NoLS. Human CDC73-NTD has a hydrophobic groove on the surface. It is formed by CDC73-NTD β-strand S1 and helices H1, H2 and H4 ( Fig. 5a and Supplementary Fig. S2 ). Hydrophobic residues involved in this groove, L8, I18, V20, V25, F27, I60, L61, L63, L64, L67, L95 and L98, are mostly conserved among CDC73 proteins from yeast to human, suggesting a conserved structural feature that may have functional implications (Fig. 3c ). Interestingly, pathogenic mutations I60N and L64P are located inside of this groove, while the other two pathogenic mutants K34Q and R91P are located on two ends of this groove. Although the function of this groove remains unclear, it is likely that the deformation of this groove is associated with CDC73 malfunction.
A separate issue regarding CDC73-NTD is a proposed nucleolar localization signal (NoLS), which is among the three proposed NoLS's that mediate the nucleolar localization of hCDC73 27 . In our crystal structure, this NoLS (residues 76-92) spans helices H3, H4 and the H3-H4 loop, and forms an exposed surface of CDC73-NTD that is adjacent but distinct from the hydrophobic groove ( Supplementary Figs S2 and S3 ). This proposed NoLS appears conserved among species and may be important for CDC73 functions, since three HPT-JT associated mutants, R77P, del(NIP) and del(VV) have been identified and characterized within this NoLS 28 . There is no general mechanism how NoLS promotes nucleolar localization 32, 33 , and it remains unclear how this proposed CDC73 NoLS works.
Discussion
HPT-JT, parathyroid carcinomas and renal tumors are clinically severe cases and threat many human lives. Discovery of pathogenic CDC73 mutants, especially pathogenic missense mutations observed in CDC73-NTD, strongly demonstrate the biological and medical significance of the CDC73 N-terminal domain. It remains unclear how CDC73 exerts its biomedical effects. Recently, a mouse model for HPT-JT with Cdc73 depletion, showing parathyroid tumors and uterine neoplasms, has been established and will be helpful for future research on these tumors 34 .
Here, we demonstrate that CDC73-NTD can form a well-folded globular domain, and is conserved from human to yeast. Most of the reported CDC73 missense pathogenic mutations are clustered in this region. Our limited proteolysis data suggests that the region between the well folded CDC73-NTD (residues 1-111) and the Ras-like C-terminal domain (residues 357-531) is largely unfolded, but is involved in interactions with a number of CDC73 binding partners including β-catenin 18, 20, 23, 35 . Previous works showed that most HRPT2 mutations (Supplementary Table 1 ) would result in truncation of the CDC73 protein 3 . Lack of the C-terminal Ras-like domain may cause deficiency in histone ubiquitination and methylation 36, 37 . Some truncations lacking the region interacting with other Paf1 complex subunits would impair the formation of this complex 18 . CDC73 is predominantly a nuclear protein, and is rich in nucleoli 26, 27, 38 . Although it remains unclear how the proposed NoLS in CDC73-NTD works, the association of CDC73 mutations within this NoLS with HPT-JT suggests biological significance of this NoLS.
The pathogenic CDC73 K34Q mutant was identified from patient with renal tumors. The K34Q mutant is localized to the nucleus and can effectively participate in PAF1C formation 6 . Unlike other mutants, the CDC73(1-111) K34Q mutant is as soluble as the WT protein. Thermofluor assay shows that the melting temperature of K34Q is 10 °C lower than that of WT. This suggests that the K34Q mutant may lose the ability to suppress expression of cyclin D1 due to lower thermal stability. Alternatively, since Lys34 is located at one end of the hydrophobic groove and may be involved in interaction with other CDC73 binding partner(s), the K34Q mutation may lead to functional loss by abolishing these CDC73-partner interaction(s).
In summary, we reveal a well-folded and conserved N-terminal domain of CDC73. Through crystallographic analysis, we provide solid structural basis for understanding CDC73 pathogenic mutants within this domain. We suggest that most, if not all, CDC73 pathogenic mutations lead to loss of CDC73 functions by disrupting the folding or thermostability of CDC73-NTD. The observation of a hydrophobic groove on CDC73 surface will also help with understanding the function of this conserved domain. 
Materials and Methods
Cloning, purification and crystallization. The full-length human CDC73 gene was cloned from a cDNA library, and constructed into pET28a vector. Distinct fragments were also inserted into a pET28a vector. Mutant plasmids of hCDC73 were constructed with the Stratagene Quickchange Kit.
Constructed plasmids were transformed into BL21(DE3) for protein expression. Cell cultures were induced with 0.2 mM IPTG for 20 h at 18 °C when OD 600 reached roughly 0.8. Cell pellets were disrupted by sonication. Afterwards cell pellets were spun down at a speed of 30,700 g. CDC73 proteins were purified by a sequential procedure: nickel column, his-tag cleavage by TEV protease, second nickel column, ion-exchange column and size exclusion column. Purified proteins were stored in a buffer containing 20 mM Tris pH7.5, 400 mM NaCl and 4 mM DTT.
After purification, proteins were concentrated to 10 mg/ml and used for crystallization screens. When an initial hit was observed, optimization was conducted employing the hanging-drop method. The growth condition of CDC73(1-100) crystal is 0.2 M MgCl 2 , 0.1 M Tris pH8.5, 25% PEG3350, and CDC73(1-111) crystals were obtained in 0.1 M Tris pH8.5, 25% PEG3350.
Data collection and structure determination. The native X-ray diffraction data sets of CDC73(1-100) and CDC73(1-111), as well as the potassium tetranitroplatinate-derivative data set of CDC73(1-100), were collected at the BL19U beam line in Shanghai Synchrotron Radiation Facility (SSRF). All data sets were processed with HKL3000 39 . The phase problem of CDC73(1-100) was solved by single anomalous dispersion (SAD) method using Autosol in PHENIX 40 , and autobuilding was done with ARP/wARP in CCP4 suite 41 . Model building was performed with COOT 42 and iterative cycles of refinement were done with Refmac5 in CCP4 suite 41 and PHENIX 40 . Thereafter, the structure of CDC73(1-111) was solved by molecular replacement using the Phaser in PHENIX, with our CDC73(1-100) crystal structure as the template. Due to the ultrahigh resolution of CDC73(1-111) crystals, we added alternative conformations and refined occupancy for each conformation during refinement. Anisotropic B factor refinement was used. Finally, hydrogen atoms were added to the structure. All structural pictures were generated using PyMOL 43 . Crystallographic statistics are shown in Table 1 .
Limited proteolysis and mass spectrometry. His-CDC73(1-343) was digested with trypsin at different molar ratios of trypsin:CDC73 (1:6,400, 1:3,200, 1:1,600, 1:800, 1:400 and 1:200). The incubation buffer is 20 mM Tris pH7.5, 400 mM NaCl. Samples were incubated at room temperature for 1 h. After that protein loading buffer was added and boiled at 100 °C for 10 min for SDS-PAGE. The degraded fragment after limited proteolysis was cut from the SDS-PAGE gel and sent for LC-MS/MS analysis in the Laboratory of Proteomics, Institute of Biophysics, CAS.
Analytical ultracentrifugation, CD spectrum and thermofluor assay. Sedimentation velocity experiment was performed with a Beckman ProteomeLab XL-I analytical ultracentrifuge at 20 °C. Proteins were prepared in a buffer containing 20 mM Tris pH7.5, 400 mM NaCl, with A 280 absorbance of ~0.7. Data collection was performed at 60krpm at a wavelength of 280 nm. Finally, interference sedimentation coefficient distribution (c(M)) was calculated using software SEDFIT.
Circular dichroism was performed using a ChirascanPlus CD spetrometer. The protein buffer was changed to a phosphate buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 ) before the experiment, and proteins were concentrated to 0.2 mg/ml.
Melting temperatures of the wild-type, K34Q and del(5-10) mutants of CDC73(1-111) were measured using quantitative PCR machine Rotor-Gene 6600. Before experiment, proteins were concentrated to 4 mg/ml, and then 18 μl PBS was mixed with 1 μl protein and 1 μl SYPRO TM ORANGE dye. The temperature gradient was set to a range from 25 °C to 95 °C with 1°/min increment. Data availability. Atomic coordinates and structure factors of hCDC73(1-100) and hCDC73(1-111) have been deposited in the Protein Data Bank under accession numbers of 5YDF and 5YDE, respectively.
